Introduction
Infectious laryngotracheitis virus (ILTV) is an avian herpesvirus belonging to the alphaherpesvirus subfamily (gaUid herpesvirus 1; Roizman et al., 1981) . The estimated genome length is 150 to 190 kb (Kotiw et al., 1982; Leib et al., 1987) , and since this is similar to that of herpes simplex virus type 1 (HSV-1) (McGeoch et al., 1988) , this indicates that it could encode approximately 70 distinct proteins. To date, 21 different virus genes have been identified as having homologues in other herpesviruses by sequence analysis of random fragments of ILTV genomic DNA (Griffin, 1989) ; however no detailed information on the genomic organization of ILTV or its relationship to that of other herpesviruses was obtained.
In the present study we concentrate on the analysis of a 5.4 kb section of the ILTV genome. In the genomes of HSV-1 (McGeoch et al., 1988) , varicella-zoster virus (VZV) (Davison & Scott, 1986) and Epstein-Barr virus (EBV) (Baer et al., 1984) this region was known to contain the thymidine kinase (TK) gene among a duster of highly conserved genes: the capsid p40 gene (Preston et al., 1983) , a gene encoding a protein which is antigenic in in vivo EBV infections (Walls et al., 1988) , plus a gene encoding a protein proposed to be involved in cell fusion (Sanders et al., 1982; McGeoch et al., 1988) . Downstream from this region, and at the 3' end of the TK gene, is the glycoprotein H (gH) gene (Gompels & Minson, 1986; McGeoch & Davison, 1986) . A great deal of interest has centred on the herpesvirus TK gene for several reasons. Firstly, it is not an essential gene for virus growth in tissue culture and has been deleted to produce attenuated vaccine strains of pseudorabies virus (PRV) (McGregor et al., 1985; Kit et al., 1985; Marchioli et al., 1987) and bovine herpesvirus type 1 (BHV-1) as reviewed by Kit (1985b) . Secondly, in VZV and HSV-1, it has been used as a versatile tool for introducing foreign genes into eukaryotic cells (Shih et al., 1984; Lowe et al., 1987) . This has been facilitated by the availability of powerful selection procedures for and against this gene (Littlefield, 1964) . Finally, because the viral TK gene has a broader range of phosphorylation substrates than does the cellular enzyme, it has become of significance in the design of antiviral therapy (Elion et al., 1977; Kit, 1985b) .
The sequence data presented here for the ILTV TK gene and the 5' upstream gene are used in the construction of trees showing the potential evolutionary relationships among the herpesvirus subfamilies.
Methods
Virus and cells. The Thorne strain of ILTV was propagated in monolayer cultures of primary chicken kidney (CK) ceils which were grown in MEM (Wellcome) supplemented with 10% tryptose phosphate broth, 7.5% newborn calf serum, 2% sodium bicarbonate, 0.2% penicillin, 0.2% streptomycin and 0.4% fungizone.
Virus stocks were produced by inoculating CK cultures in 25 cm 2 (50 ml) plastic flasks (Sterilin) at an m.o.i, of 0.5 to 1.0 p.f.u, per cell Virus was allowed to adsorb to the monolayers for 1 h at 37 °C. Infected cells were then incubated at 37 °(3 in serum-free medium (described above) supplemented with 15 mM-HEPES (Gibco). Cell-free and ceilassociated virus was harvested at 48 to 72 h post-infection.
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DNA isolation. Infected cells were harvested by scraping into a small volume of phosphate-buffered saline, disrupted by vortexing (in 20% NP40 in Tris-EDTA), then incubated with RNase A (5 p-g/ml) before centrifuging for 5 min at 2000 r.p.m. (Sorvall RT6000). Supernatant was digested by proteinase K (0.5 mg/ml) and 1% SDS at 45 °C for 1 h and then extracted with phenol-chloroform. DNA was precipitated by addition of a 10% volume of 3 M-sodium acetate, and 2.5 volumes of 95% ethanol at -20 °C for 15 h.
Vectors, cloning and sequencing. EcoRI-and BamHI-cut dephosphorylated pUC13 (Pharmacia) and Sinai-cut dephosphorylated M13mpl0 (Amersham) were used as described below. ILTV DNA was digested using the appropriate restriction endonuclease (Bethesda Research Laboratories) and ligated into the corresponding pUC13 vector using T4 DNA ligase (Boehringer Mannheim). Transformations were carried out according to Hanahan (1983) . Plasmid DNA was extracted from the resultant clones by overnight centrifugation through an equilibrium CsC1 gradient, in a vertical rotor at 44000 r.p.m, for 15 h in a Europa centrifuge. DNA was sheared randomly by sonication (Deininger, ~983) , selected by size to give 400 to 1500 bp fragments, repaired at its ends using T4 DNA polymerase (Pharmacia) and the Klenow fragment (Boehringer Mannheim) in the presence of the four dNTPs, and then cloned into M13mpl0. M13 dideoxynucleotide sequencing was carried out as described previously (Biggin et al., 1983; Bankier & Barrell, 1983) . Both strands of DNA were sequenced at least once to eliminate any ambiguous data.
DNA labelling and hybridization conditions. ILTV-specific inserts from the replicative form of M13 and from plasmid clones were cut from 1-5% low gelling temperature agarose gels. These were labelled with [32p]dCTP (Amersham) by extension of random hexamer primers (Feinberg & Vogelstein, 1983) . ILTV DNA hybridization was carried out in 6 x SSC plus 0.5% SDS at 65 °C, and blots were washed twice in 2 x SSC for 30 min at 42 °C and once in 2 x SSC at 65 °C. Colony blots were hybridized under conditions described above, and washed once for 30 min in 2 x SSC at room temperature and twice for 30 min at 42 °C.
Data handling and analysis.
A sonic digitizer (Graf/Bar Science Accessories Corporation) was used to read data into a BBC microcomputer and data were analysed on a MicroVAX 3600 using the computer programs of Staden (1982a, b; , the University of Wisconsin Genetics Computer Group (UWGCG) (Devereux et al., 1984) , PHYLIP (Felsenstein, 1985) , CLUSTAL (Higgins & Sharp, 1988) and NEEDLE (Binns et al., 1987) . ILTV genes were identified by comparison of translated sequences to a herpesvirus databank containing the translated sequences of the genomes of HSV-1 (McGeoch et al., 1988) , VZV (Davison & Scott, 1986) and EBV (Baer et al., 1984) and the published sequences from HSV-2 (Swain & Galloway, 1983) , equine herpesvirus type 1 (EHV-1) (Robertson & Whalley, 1988) , BHV-1 (Mittal & Field, 1989) , marmoset herpesvirus (MHV) (Otsuka & Kit, 1984) , PRV (Kit, 1985a) , herpesvirus saimiri (HVS) (Honess et al., 1989) , herpesvirus of turkeys (HVT) and Marek's disease virus (MDV) . In the course of our analyses we noticed that the PRV sequence contained frameshift mutations which resulted in the loss of highly conserved motifs. These were altered by us to retain the highly conserved motifs; the altered sequence was used in all comparisons.
Evolutionary trees. Three different methods were used to examine the potential phylogenetic relationships of these genes. These were FITCH and KITSCH, from the Phylogeny Inference Package (PHYLIP) of Felsenstein (1985) , and CLUSTAL (Higgins & Sharp, 1988) . For FITCH and KITSCH, a table of distances for use in the construction of evolutionary trees was generated as follows. The University of Wisconsin program GAP (Devereux et aL, 1984) was used to produce alignments between the segments being considered. The program provides a value, 'quality', which is equal to the sum of the values of the matches (each match is scored from a comparison table) minus two factors which take into account the number of gaps in the alignment and the length of the gaps. There is a further value, 'ratio', which is the quality divided by the length of the shortest sequence. So that the differing lengths of the various genes should not affect the results, 'core' sequences were used which removed terminal portions of the genes which were not present in all the genes. In the case of the TK gene, this is from positions 282 to 627 in Fig. 4 , whereas for the upstream gene (due to the limited sequence data available) sequences of 133 amino acids in length were used. The value for 'distance' used by the phylogenetic program was the inverse of the ratio. This was normalized to zero by subtracting the inverse ratio obtained for an ILTV versus ILTV comparison from all the values. The program CLUSTAL generates its own similarity matrix.
The three programs (FITCH, KITSCH and CLUSTAL) make various assumptions about the data; for example, that each distance is measured independently from the others, no item of data contributing to more than one distance. These assumptions are discussed in more detail elsewhere (Bishop et al., 1987; Felsenstein 1985; Tateno, 1985) .
The programs FITCH and KITSCH were run on a MicroVAX 3600, and CLUSTAL was run on an IBM-compatible personal microcomputer.
Results

Isolation of genomic fragments and identification of genes present
In our previous work, computer analysis of random fragments of ILTV cloned into the M13 sequencing vector identified a clone containing ILTV DNA homologous to the VZV gene 34 (Griffin, 1989) . Homologues to this gene are found in HSV-1, HVS and EBV (McGeoch et al., 1988; Honess et al., 1989; Baer et al., 1984) where its location is always two genes upstream of the 5" end of TK gene. This clone was then used to identify a 4.75 kbp EcoRI fragment of ILTV DNA from a library of restriction enzyme-digested DNA cloned into pUC13.
The EcoRI clone was subcloned into M13 and sequenced. Computer analysis revealed the presence of two complete open reading frames (ORFs) of greater than 500 nucleotides length and two other ORFs which extended beyond the region sequenced (Fig. 1) was located using restriction enzyme-generated fragments from the end of plLEcl as probes, and then sequenced. The four ORFs present were called ORF 1, ORF 2, ORF 3 and ORF 4 and these were 1550, 1715, 860 and 1091 nucleotides in length respectively. The end of ORF 1 extends beyond the region sequenced (Fig. 1) . (Davison & Scott, 1986) . So that the differing lengths of the various genes should not affect the dot-matrix, truncated sequences were used; this involved the removal of terminal regions not present in each pair being compared. Panels (a), (b), (c) and (d) represent the following paired comparisons respectively: VZV 33 and ORF 1 ; VZV 34 and ORF 2; VZV 35 and ORF 3; VZV TK and ORF 4. The ILTV genes are plotted on the x-axis and their VZV homologues are plotted on the y-axis in all panels. In each dot-matrix comparison shown, each possible 21-residue window from one sequence was compared to all possible sets of 21 residues for the other sequence and the resulting alignment was scored using a weight matrix (the modified Dayhoff matrix, as defined by Staden, 1982) . The program places a point whenever the observed alignment exceeds an operator-defined threshold. In these comparisons, percentage score (~) was set at 240, and the threshold score was set at 8.
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Comparison to the herpesvirus databank using the GAP program identified these as being the gene homologues of a similar gene cluster found in HSV-1, VZV and EBV. Functions have been assigned to these as follows: the capsid p40 protein of HSV-1 (ORF 1), the antigenic protein encoded by the BVRF 10RF of EBV (ORF 2), a protein important for HSV-1 growth in vitro (ORF 3) and the TK protein (ORF 4). The overall position and direction of transcription of the genes is conserved within this cluster.
Analysis of the sequence generated
The total genomic region sequenced was 5400 nucleotides long and this had an average G + C ~o composition of 45.7~. This is presented in Fig. 2 with the ORFs present translated into the corresponding amino acid sequence. Initiation start codons were assumed to be the first in-frame ATG in all cases and generally these coincided with those for the equivalent gene in HSV-1 and VZV. The locations of potential 'TATA' boxes are indicated in Fig. 2 . No typical mRNA polyadenylation signals (AATAAA, ATTAAA) were identified; however, precise transcript mapping is required to locate these sites realistically.
The percentages of identical and similar amino acids present within the pairs of homologous genes were calculated using GAP and are presented in Table 1 . ILTV GAP scores obtained from these comparisons were always higher with the other alphaherpesvirus genes (VZV and HSV-I) than with gammaherpesvirus genes (EBV). The percentage match of each of the four ORFs to their alphaherpesvirus homologues is fairly similar, varying, in the case of VZV, from 24~o (ORF 1) to 29"5~o (ORF 2).
DIAGON plots of the predicted amino acid sequence of the ILTV ORFs against their VZV gene homologues (Fig. 3) shows that these overall percentage similarities represent an average figure composed of regions that were highly conserved interspersed with regions of low Fig. 4 . Alignments of the amino acid sequences predicted for the TK polypeptides of 11 different herpesviruses. Sequences were aligned by carrying out GAP comparisons repeatedly on output files generated from pairwise GAP comparisons. Minor adjustments to the final alignments were required to match some obviously conserved residues present in a majority of polypeptides; for example, a gap was introduced into the MDV sequence at position 323 to align the YW with the alignments produced by the other herpesviruses. Such alterations were kept to a minimum. For clarity, gap positions were reshuffled so that they coincided for as many alignments as possible in any given location. Uppercase letters are used to denote the positions at which identical amino acids were observed in five or more of the 11 aligned sequences. An asterisk (*) indicates the position of an amino acid present in all 11 herposvirus sequences. The symbol ^ indicates the position of an amino acid present in 10. homology. In ORF 2 the regions of homology are scattered along the length of the sequence, whereas in ORF 3 they are clustered near the N terminus. An alignment of the translated sequence from ORF 4 with those of the TK genes from 10 other herpesviruses also illustrates this (Fig. 4) and highlights the similarities and differences between individual herpesvirus TK genes. It is interesting to note from Fig. 1 and Fig. 2 that ORF 3 overlaps with the amino termini of both ORF 2 and ORF 4. Overlap between ORFs 2 and 3 is 28 nucleotides, whereas that between ORFs 3 and 4 is 111 nucleotides. Overlap between ORF 3 and ORF 4 (i.e. homologues of the TK gene and its upstream gene) was compared to data from 11 other herpesviruses and is presented in Fig.  5 . Although the core sequences of the individual genes (as described in Methods) never overlap themselves, it is interesting to note that in the case of ILTV, the ATG start site of the upstream gene is embedded in the core sequences of the TK gene.
Evolutionary relationships between the herpesviruses
The programs CLUSTAL, KITSCH and FITCH were used to infer potential evolutionary relationships and to construct trees based on herpesvirus TK genes and on the genes upstream of the TK gene. In each case the comparisons involve 12 different virus species; BHV was omitted from the 'upstream gene' tree owing to lack of availability of data and cytomegalovirus (CMV) was omitted from the TK tree. These trees are shown in term. The difference between FITCH and KITSCH is that FITCH (trees c and f) fits a tree which has the branch lengths unconstrained, whereas KITSCH (trees b and e) assumes that a constant 'evolutionary clock' is valid, so that the branch lengths from the root of the tree to each tip are the same. This means that FITCH allows for differential rates of evolution along separate branches, whereas KITSCH assumes that the rate of evolution in each branch is the same. As it does not assume an evolutionary clock, FITCH draws an unrooted network, and a root must be inferred, so for the purposes of comparison we have inserted a root in the same place as that of KITSCH. With regard to the TK trees (trees d, e and f), CLUSTAL and KITSCH produce topologically identical dendrograms. However the trees produced by FITCH and KITSCH show the effect of assuming an evolutionary clock. Although most of the species are in the same places, the positions of VZV and BHV have altered. When we consider the upstream gene, this effect is even more marked, with several species having altered positions. In the case of the upstream genes, the trees produced by CLUSTAL and KITSCH also differ to some extent. An alternative program which does not assume a constant molecular clock, using the neighbourjoining method of Saitou & Nei (1987) , produces trees very similar to those produced by FITCH for both genes (data not shown).
There are several features common to all the trees. In all cases the EBV and HVS genes form a separate branch of the trees, with CMV, when it is present, evolving from this branch before the divergence of EBV and HVS. In addition two pairs of species are consistently depicted as being closely related, HSV-I/HSV-2 and MDV/HVT.
With regard to the position of ILTV in the family of herpesviruses, the two genes give a different result. For the TK gene all three algorithms show ILTV in an identical position, whereas for the upstream gene the relationship of the ILTV gene to neighbouring species on the dendrogram is less consistent.
Discussion
This is the only extensive sequence available to date for the herpesvirus ILTV. Here we have described the identification and location of the TK gene of ILTV in a cluster of highly conserved herpesvirus genes and we confirm that ILTV DNA is more similar to the other alphaherpesviruses than it is to either gammaherpesviruses or betaherpesviruses.
Since only ORF 3 has a true functional Kozak sequence (i.e. CCPuCCAUGPu) (Kozak, 1984) around its initiation of translation start site, functional start codons were identified as the first in-frame ATG in all cases; generally these coincided with those for the equivalent gene in HSV-1 and VZV. However in the case of ORF 2, there are three possible start sites; the first at position 3450, the second at 3426 and the third at 3387. Gene alignments with the homologues from HSV,1, VZV, EHV-1 and EBV indicate that the first ATG is probably the functional site but detailed transcript mapping is required to clarify this situation. If the first ATG is indeed the true initiation site, this results in an overlap of 28 nucleotides between ORF 2 and ORF 3. Overlap between these ORFs is unusual and does not occur in the other alphaherpesviruses sequenced to date (McGeoch et al., 1988; Davison & Scott, 1986; Robertson & Whalley, 1988) , however it has been reported for the gammaherpesviruses, EBV and HVS (Baer et al., 1984; Honess et al., 1989) .
The putative genes identified in this region of the ILTV genome are highly conserved in all herpesviruses (McGeoch et al., 1988; Davison & Scott, 1986; Baer et a/., 1984) . The gene product of ILTV ORF 1 is homologous to the capsid p40 protein of HSV-1, which is required for encapsidation of viral DNA (Preston et al., 1983) . In the mature HSV-1 virus, this protein is thought to be present in a modified form to become VP22, which is loosely bound to the nucleocapsid. No specific function has been assigned to the gene product of the homologue of ILTV ORF 2, although it is known to be expressed and antigenic in human EBV infections (Walls et al., 1988) . Similarly no gene product has yet been assigned to the homologue of ILTV ORF 3. However work with mutants has indicated that a gene function mapping to this region of the genome in HSV-1 and HVT appears to be involved in cell fusion and is involved although not essential, in viral growth in culture (Sanders et al., 1982; Efstathiou et al., 1989; Jacobson et aL, 1989) .
In ILTV, as in several of the other herpesviruses, ORF 3 overlaps with the downstream TK gene in a head-tohead orientation. The overlap between these ORFs varies in length and, except in the case of ILTV, involves the non-core terminal regions only (Fig. 5) . In EHV, MHV and VZV the amino termini do not overlap; however this does not rule out the possibility that the regulatory regions of the TK gene are embedded in the upstream gene and vice versa. The presence of such a close relationship between the TK gene and the upstream gene could have important implications for studies into the development of vaccines and/or vectors based on deletions of the TK gene. Indeed, in the case of HVT, mutations mapping in the region of overlap between the TK gene and the upstream gene result in strains with reduced virus titres compared to the wildtype virus. Such mutants had virus titres that were 1/1000 that of wild-type and 1/100 that of a TK-deficient mutant virus (Jacobson et al., 1989) . A careful analysis of the relationship between these genes may be important in the development of mutants for use as vaccines or as vector delivery systems.
The alignment of the TK genes presented here is similar to that of Honess et al. (1989) , except that it includes the sequences of ILTV. These workers observed that in addition to the well known highly conserved motifs in the TK gene, there were several residues that are highly conserved. Inclusion of the TK gene from ILTV supports some of these but there are a number of interesting differences. For example, the conserved tyrosine (Y) at position 325 is not present in ILTV and the glycine (G) at position 457 has been replaced by a histidine (H) residue. The significance of such differences is not clear and may, for example, reflect differences in catalytic activity or substrate specificity of the individual enzymes. Alignment of these sequences should be very useful in the identification of residues important for polypeptide functioning.
The sequence data presented here, and the availability of that for other herpesviruses, provide the opportunity to use the TK gene and its upstream gene as the basis of a study of the evolutionary relationships between these herpesviruses. The wide availability of sequence information from a diverse variety of species has led to the development of techniques for the analysis of evolutionary relationships among different organisms. For example, the molecular tree of Fitch & Margoliash (1967) based on the cytochrome c gene from 20 different species including yeasts, birds, reptiles, mammals and man, was found to be in good agreement with the classical view of evolutionary relationships of the species studied. Similarly the dendrograms produced by the CLUSTAL program (Higgins & Sharp, 1988) using 34 different 5S rRNA sequences have been found to be identical to phylogenetic trees for 259 different 5S rRNA sequences (Hori et al., 1985) .
The evolutionary trees shown in Fig. 6 , based on three separate computer programs, using the methods of Fitch & Margoliash (1967) and H iggins & Sharp (1988) , clearly show the herpesviruses divided into three separate groups (beta, gamma and alpha) and that the Marek's virus group (MDV and HVT) belong to the alphaherpesvirus group. This is in agreement with previously published data (Buckmaster et al., 1988; Scott et al., 1989) . This highlights the anomaly in the classification of the Herpesviridae, which is currently based on biological and physical properties of each virus (Roizman et al., 1981) . The betaherpesvirus, CMV, is depicted here as diverging from the gammaherpesviruses before the divergence of the EBV and HVS genes. This is similar to the findings for evolutionary trees of the herpesviruses based on seven different glycoprotein B (gB) sequences (Whalley et al., 1989) and five different DNA polymerase genes (Gentry et al, 1988) .
The evolutionary trees based on the TK genes ( Fig. 6 ) clearly show ILTV diverging from all the other alphaherpesviruses before they split into the MDV/HVT group and the mammalian group. This was found consistently by all the programs. Although these dendrograms may give the impression that the avian herpesviruses (ILTV, MDV and HVT) form an 'avian' grouping on the alphaherpesvirus branch, ILTV is, in fact, no more closely related to the other avian herpesviruses than it is to the larger group of mammalian herpesviruses (in the centre of the diagrams). The ILTV branch, for example, can be 'swivelled' round to the other side of the mammalian herpesviruses without altering the topology of the tree.
The amount of aligned sequence of the upstream gene is less than that of the TK gene, and hence the phylogeny is likely to be less reliable. However comparisons using this gene show a different relationship for ILTV. In this case the only clear point which emerges is that ILTV forms a part of the alphaherpesvirus group. Another case where trees deduced from the two genes do not suggest similar conclusions is seen in the close relationship between EHV and PRV on the TK tree, which is not seen when the upstream genes were used to make an evolutionary tree. A close relationship between EHV and PRV was found also when the gB gene was used for comparison (Whalley et al., 1989) .
This venture into the quagmire of molecular phylogeny has served to emphasize two separate points: firstly, that different genes may give rise to different trees, and secondly that different programs may deduce different trees from the same genes. An important issue is whether differences between genes are genuine or merely the result of variation in the way the programs treat the data. The fact that the TK trees exhibit consistent features which are not seen in the upstream gene trees (such as the branch position of ILTV), suggests that there may be a genuine difference between the trees deduced from the two genes. There are a number of possible reasons why this should be so: for example, different rates of evolution between the two genes, and the occurrence of gene exchange/recombination among branches of the tree. Whatever the reason, it emphasizes the importance of being aware that different genes can give different evolutionary relationships and therefore it is probably sensible to use a large variety of different genes from each herpesvirus to generate a meaningful picture of the relatedness of individual herpesviruses.
With the current problems associated with attenuated vaccines for ILTV infections (Bagust, 1986) , the complete sequence of the genes presented here and their comparison with other herpesvirus genes should be invaluable in the development of safer, genetically engineered vaccines.
